Oral squamous cell carcinoma (OSCC) is one of the most fatal types of oral cancer worldwide. Forkhead box M1 (FOXM1) is associated with the occurrence and development of a number of types of human cancer, but its function in OSCC remains unclear. The present study aimed to explore the effect of FOXM1 downregulation using lentivirus-mediated short hairpin (sh)RNA against FOXM1 (LV-shFOXM1) in the cell line Tca8113 in vitro. Infection of Tca8113 cells with LV-shFOXM1 inhibited the mRNA and protein expression level of FOXM1. The downregulation of FOXM1 resulted in cell cycle arrest of Tca8113 cells, and the inhibition of proliferation, migration and invasion. The protein expression level of cyclins B1 and D1 were downregulated, whereas those of p27 and p21 were upregulated following infection with LV-shFOXM1, compared with the blank control and LV-shCON groups. In addition, FOXM1 downregulation decreased the expression of matrix metalloproteinase-2 and LV-shFOXM1 significantly suppressed OSCC cell viability. Therefore, FOXM1 may be a target for the treatment of OSCC.
Introduction
Oral squamous cell carcinoma (OSCC), one of the most fatal types of cancer (1) , is identified with frequent lymph node and distant metastases (2) . Metastasis is a key prognostic factor for OSCC and typically indicates a poor prognosis (3) . However, the underlying molecular mechanisms that regulate metastatic dissemination remain unclear, despite a number of studies on the molecular mechanisms implicated in OSCC development (4) .
Forkhead box M1 (FOXM1), which belongs to the Fox family of transcription factors, maintains a balance between proliferation and apoptosis of cells (5) . Mutation of FOXM1 prevents differentiation, resulting in the malignant transformation of undifferentiated cells (6) . Overexpression of FOXM1 is associated with the occurrence and development of numerous cancer types (7) . FOXM1 is an essential cell cycle regulator in the G 1 /S and G 2 /M stage transitions and mitosis (8) , and thus contributes to cell proliferation. Furthermore, FOXM1 is important in tumor angiogenesis, epithelial-mesenchymal transition, invasion and metastasis (9) . Silencing of FOXM1 inhibits the proliferation, invasion and migration of human colorectal cancer (CRC) cells (10) . However, the precise functions and underlying molecular mechanisms of FOXM1 in OSCC cells remain unclear.
In the present study, the expression level of FOXM1 was determined in OSCC cells, and the effect of FOXM1 gene knockdown on the proliferation, migration and invasion of Tca8113 cells was investigated in vitro. The results of the present study identified that the downregulation of FOXM1 suppressed the activities of Tca8113 cells, and decreased the expression of proteins associated with cell cycle and viability. These results have suggested that FOXM1 is a therapeutic target for the treatment of OSCC.
Materials and methods
Cell culture reagents. Human HaCaT, Tca8113 and SCC9 cells were purchased from the American Type Culture Collection (Manassas, VA, USA). SCC9 cells were kept in a 1:1 mixture of Dulbecco's modified Eagle's medium (DMEM) and Ham's F12 medium supplemented with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin solution (all from Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA), and 400 ng/ml hydrocortisone (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany). HaCaT and Tca8113 cells were incubated at 37˚C in an atmosphere containing 5% CO 2 with saturated humidity and cultured as monolayers in RPMI-1640 medium (Gibco; Thermo Fisher Scientific, Inc.) supplemented with 10% FBS, 2 mM glutamine and 1% penicillin/streptomycin. Trypsin-ethylenediaminetetra acetic acid (Invitrogen; Thermo Fisher Scientific, Inc.) was used to detach cells.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR). Total RNA from all cell lines was isolated using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) and reverse transcribed into cDNA using 5X PrimeScript RT Master mix (Takara Bio, Inc., Otsu, Japan) at 37˚C for 15 min and 85˚C for 5 sec, according to the manufacturer's protocol. Gene expression levels were determined using 2X SYBR Premix Ex Taq (Takara Bio, Inc.) with a 7300 ABI RT-PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.) for 40 cycles at 95˚C for 30 sec, 95˚C for 5 sec and 60˚C for 31 sec. The relative mRNA levels were determined using the 2 -ΔΔcq method and normalized to the expression of GAPDH (11) . The sequence of the primers were as follows: FOXM1, forward, 5'-ATA CGT GGA TTG AGG ACC ACT-3' and reverse, 5'-TCC AAT GTC AAG TAG CGG TTG-3'; GAPDH forward, 5'-ACT GCC ACC CAG AAG ACT-3' and reverse, 5'-GCT CAG TGT AGC CCA GGA T-3'.
Design of FOXM1 RNA interference (RNAi) sequence and construction of short hairpin (sh)RNA-expressing lentiviral vectors.
A total of three FOXM1-specific sequences were selected using the online short interfering RNA tools (Invitrogen; Thermo Fisher Scientific, Inc.; www.invitrogen. com/rnai) with the reference sequence of FOXM1 (gene bank accession no. NM_021953). The target sequences of FOXM1-1 (5'-TTG CAG GGT GGT CCG TGT AAA-3'), FOXM1-2 (5'-TTG CAG GGT GGT CCG TGT AAA-3') and FOXM1-3 (5'-AGG ACC ACT TTC CCT ACT TTA-3') were homologous with those of FOXM1-specific mRNA. The transfection of siRNA oligonucleotides was performed with Lipofectamine2000 (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocols. Briefly, 16 µl of Lipofectamine2000 reagent was mixed with 400 µl of Opti-MEM (Invitrogen; Thermo Fisher Scientific, Inc.) at room temperature for 5 min and subsequently incubated with a mixture of 12 µl of 20 µM siRNA duplex and 400 µl of Opti-MEM for an additional 20 min at room temperature. The complexes were then applied to cultured cells at ~70% confluency on a 60-mm plate containing 4 ml of RPMI-1640 medium. After 12 h incubation, the medium was replaced with fresh RPMI-1640 medium supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. The chemical synthesis of shRNA lentivirus vector construction was performed according to a previous study (12) . The lentiviral shRNA was constructed harboring green fluorescent protein. The invalid RNAi sequence (5'-GAGCTATGGCAGCTACCATCA-3') was used as a negative control. The appropriate insertion of the specific shRNA was validated by sequencing.
Cell extracts and western blot analysis. Protein lysates were prepared on ice using a radioimmunoprecipitation assay buffer [150 mM NaCl, 50 mM Tris-HCl (pH 8.0), 1% NP40, 0.1% SDS and 0.5% sodium deoxycholate] supplemented with 1 mg/ml aprotinin, 1 mM sodium orthovanadate and 0.1 mg/ml phenylmethylsulfonyl fluoride. Protein contents were determined using a bicinchoninic acid protein assay system (Bio-Rad Laboratories Inc., Hercules, CA, USA). Equal amounts of cell extracts containing between 20 and 50 µg of total protein were separated using 12% SDS-PAGE and transferred to 0.45-µm nitrocellulose membranes (Osmonics, Westborough, MA, USA). The membranes were blocked for 1 h in Blotto A (Beyotime Institute of Biotechnology, Shanghai, China) at room temperature which consisted of 5% non-fat milk powder in Tris-buffered saline and 0.05% Tween-20 (TBS-T), containing 10 mM Tris-HCl (pH 8.0) and 150 mM NaCl. Subsequently, membranes were incubated for 1 h at room temperature in Blotto A containing a 1:1,000 dilution of the following rabbit primary antibodies: Anti-FOXM1 (cat. no. 5436; Cell Signaling Technology, Danvers, MA, USA), anti-GAPDH (cat. no. ab8245; Abcam, Cambridge, MA, USA), anti-cyclin B1 (cat. no. 12231), anti-cyclin D1 (cat. no. 2926), anti-P27 (cat. no. 3686), anti-P21 (cat. no. 2947) and anti-matrix metalloproteinase (MMP) 2 (cat. no. 40994) (all from Cell Signaling Technology Inc.). Membranes were washed in TBS-T for 5 min and incubated for 1 h at room temperature in Blotto A containing a 1:10,000 dilution of peroxidase-conjugated anti-rabbit (cat. no. RPN4301) or anti-mouse secondary antibody (cat. no. RPN4201) (GE Healthcare, Chicago, IL, USA). Following washing in TBS-T, enhanced chemiluminescence was performed according to the manufacturer's protocol.
MTT assay. The cytotoxic activity of LV-shFOXM1 was determined on the basis of cytotoxicity to Tca8113 cells using an MTT assay. Cells were seeded in 96-well plates (5x10 3 cells/well) and treated with LV-shCON (control) or LV-shFOXM1. The following day, 100 µl fresh RPMI-1640 medium was added to each well with 0.5 mg/ml MTT (Roche Applied Science, Manheim, Germany). After 4 h of incubation at 37˚C in a humidified atmosphere containing 5% CO 2 , 150 µl solubilization solution (0.01 mol/l HCl in 100 g/l SDS) was added. Subsequently, cells were gently agitated for 10 min at 37˚C. The absorbance was determined at 450 nm on microplate reader (model 550; Bio-Rad Laboratories, Inc.) as the optical density of the plates. Cell viability was evaluated for four consecutive days. Each MTT assay was performed in triplicate.
Cell cycle analysis via flow cytometry. Tca8113 cells, at the logarithmic phase, were seeded in 6-well plates (6x10 5 cells/well) and incubated at 37˚C in humid conditions containing 5% CO 2 (v/v) for 24 h, followed by 24 h of treatment with LV-shFOXM1 or LV-shCON in RPMI-1640. Subsequently, the cells were washed with ice-cold PBS twice and fixed in ice-cold 70% (v/v) ethanol at -20˚C overnight. Following treatment with 10 mM Tris-HCl buffer (pH 7.5) with 1% (w/v) RNase A (Sigma-Aldrich; Merck KGaA) for 15 min at 4˚C the cells were incubated with propidium iodide (Sigma-Aldrich; Merck KGaA) for 15 min at 4˚C. The cell cycle was analyzed using a flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA), and the data were analyzed using ModFit LT 2.0 (Verity Software House, Topsham, ME, USA).
Soft agar assays. The aim of this assay was to analyze the effect of FOXM1-shRNA on the proliferation of Tca8113 cells. Briefly, cells were subjected to soft agar assay in 6-well plates and 50,000 cells/well were added into each well, which consisted of a bottom base layer (0.6% agar diluted in DMEM with 10% FBS) and top layer (0.3% agarose diluted in DMEM with 10% FBS). The cells were cultured at 37˚C for 2 weeks. Colonies were scored following 2 weeks of cell incubation. Each protocol was repeated at least three times.
Cell migration and invasion assays. The assays were conducted using Transwell chambers equipped with a pore size of 8 µm, according to the manufacturer's protocol. After 24 h of infection, Tca8113 cells were resuspended in serum-free DMEM (2x10 4 cells/well) and seeded into the Transwell inserts either uncoated (migration assay) or coated with growth factor-reduced Matrigel (BD Biosciences) (invasion assay). The lower chambers were filled with 500 µl DMEM containing 10% FBS. After 24 h of incubation at 37˚C, all cells on the upper side of the insert filter were selected using a cotton swab, while the invaded cells were 100% methanol-fixed for 20 min at room temperature and stained with 0.1% crystal violet for 10 min at room temperature. The manual cell counting was finished under an inverted microscope (Olympus IX51; Olympus Corporation, Tokyo, Japan) on five random fields (magnification, 40x; scale bar, 200 µm). Each protocol was performed in triplicate.
Statistical analysis. Data are expressed as the mean ± standard deviation. Significant differences between groups were examined using the Student's t-test and the χ 2 test. P<0.05 was considered to indicate a statistically significant difference. All statistical tests were conducted using SPSS software (version 17.0; SPSS, Inc., Chicago, IL, USA).
Results
FOXM1 mRNA is expressed at an increased level in human OSCC. FOXM1 overexpression has been identified in human head and neck squamous cell cancer, ovarian cancer and hepatoma (13) , but has rarely been demonstrated in OSCC cells. In the present study, RT-qPCR revealed a significant overexpression of FOXM1 mRNA in OSCC cells compared with HaCaT cells (P<0.01; Fig. 1A ). To validate these results, western blot analysis was conducted to determine FOXM1 protein expression. The results demonstrated that FOXM1 protein was markedly overexpressed in OSCC cells compared with HaCaT cells (Fig. 1B) . In the present study, RT-qPCR and western blot analysis validated the expression of FOXM1 in OSCC cell lines compared with human immortal keratinocyte cell line HaCaT (Fig. 1A and B ), and indicated that Tca8113 was an appropriate cell line for RNAi targeting FOXM1 mRNA.
LV-shFOXM1-2 is the optimal vector. Tca8113 cells were infected with four plasmids separately for 48 h, including shFOXM1 (LV-shFOXM1-1, -2 and -3) and LV-shCON. Subsequently, the expression of green fluorescent protein in Tca8113 cells was observed under a fluorescent microscope ( Fig. 2A) . RT-qPCR revealed that LV-shFOXM1-2 significantly inhibited the expression of FOXM1 mRNA compared with the shCON and shFOXM1 groups (Fig. 2B; P<0.0001) . Western blot analysis demonstrated that LV-shFOXM1-2 was the optimal vector and therefore was selected for use in subsequent protocols (Fig. 2C) , and termed LV-shFOXM1.
Downregulation of FOXM1, using LV-shFOXM1, suppresses cell growth, colony formation and cell cycle at the S-phase.
FOXM1 is a key regulator of animal growth and cell proliferation (13) . The downregulation of FOXM1 expression in Tca8113 cells significantly inhibited cell proliferation, compared with the blank and LV-shCON groups (P<0.05; Fig. 3A) . The association between the downregulation of FOXM1 expression and alterations in cycle progression was analyzed in Tca8113 cells by the flow cytometer. The proportion of S-phase cells following LV-shFOXM1 infection was significantly decreased compared with the blank and LV-shCON groups (P<0.05; Fig. 3B ). Subsequently, whether FOXM1 gene knockdown decreases the colony formation of Tca8113 cells was investigated. After 24 h of infection with LV-shFOXM1, Tca8113 cells were seeded in 6-well plates and cultured for 14 days. The results revealed that the number of colonies in LV-shFOXM1 Tca8113 cells were significantly decreased, compared with that of the LV-shCON and untreated cells ( Fig. 3C and D) . The results of the present study indicated that the downregulation of FOXM1 expression may inhibit cell cycle progression, growth and colony formation of Tca8113 cells.
Downregulation of FOXM1 expression inhibits cell migration and invasion.
Cell migration and invasion assays were performed using a Transwell system to determine whether the downregulation of FOXM1 expression may affect the migratory and invasive abilities of Tca8113 cells. The number of cells that migrated or invaded the bottom of the well decreased significantly compard with the blank and LV-shCON groups (P<0.05; Fig. 4 ). The results indicated that the downregulation of FOXM1, following LV-shFOXM1 infection, inhibited the migratory and invasive abilities of Tca8113 cells, compared with the blank and LV-shCON-infected cells. In addition, western blot analysis revealed that the downregulation of the FOXM1 expression altered expression of proteins associated with cell cycle. As presented in Fig. 5 , the expression levels of cyclin B1, cyclin D1 and MMP-2 markedly decreased, but the expression of p27 and p21 markedly increased (LV-shFOXM1 vs. blank and LV-shCON groups).
Discussion
The overexpression of FOXM1 expression or activity has been associated with the occurrence and development of numerous types of cancer (14) (15) (16) (17) . Activation of FOXM1, as an independent poor prognostic factor, is associated with the proliferation and metastasis of human colon cancer cells, and decreased overall survival and metastasis-free survival rates in patients with CRC (18) . However, the function of FOXM1 in OSCC remains unclear. In the present study, the mRNA and protein expression level of FOXM1 in OSCC cells was determined using RT-qPCR and western blot analysis, respectively, and was identified to be expressed at increased levels in OSCC cells compared with the human immortal keratinocyte cell line, HaCaT. The results suggested that FOXM1 may be a novel factor in OSCC development.
RNAi-mediated gene silencing is used as the therapy for a variety of diseases (19) (20) (21) . Lentivirus vectors are considered to be a vehicle for efficient gene delivery in research and gene therapy, due to their ability to transform dividing and non-dividing cells, provide stable transgene expression and exhibit decreased toxicity (22) . In the present study, a recombinant shRNA-expressing lentiviral vector was constructed, and its effects on the growth and invasion of OSCC cells were observed. Lentivirus-mediated RNAi, which specifically downregulated FOXM1, was identified to be a possible effective treatment for OSCC, as OSCC cells exhibited decreased growth and invasion following the silencing of FOXM1.
FOXM1 has been identified to be a key regulator of the G 1 /S and G 2 /M stage transitions during the cell cycle and is required for proliferative expansion during tumor development (23) . Cell proliferation, mediated by cell cycle machinery, depends on the equilibrium between cyclin-dependent kinase (CDK) regulators, in particular CDK inhibitors (CDKI) and positive factors (cyclins) (24) . In the present study, cyclins B1 and D1, and CDKIs (p21 and p27) were selected. The downregulation of FOXM1 expression, using LV-shFOXM1, markedly decreased the protein expression levels of cyclins B1 and D1, and increased that of p27 and p21. The results of the present study indicated that FOXM1 affected the cycle of Tca8113 cells by mediating the expression levels of a number of cyclins and CDKIs. A previous study suggested that silencing the expression of FOXM1 may serve a role in the suppression of proliferation (25) .
Cell migratory and invasive abilities are key to cancer invasion and metastasis, which involves the breakdown of extracellular matrix and basement membranes, enabling tumor cells to migrate. Proteolytic enzymes and MMPs have been identified to be involved in cancer invasion and metastasis (26, 27) . The results of the present study identified that downregulation of FOXM1 expression by LV-shFOXM1 significantly decreased the migratory and invasive abilities of Tca8113 cells. In addition, the expression of MMP2 was inhibited by the downregulation of FOXM1 expression. Therefore, the loss of invasive abilities of OSCC cells, following silencing of FOXM1, may be induced partially by the inhibition of MMP-2.
The results of the present study demonstrated that the downregulation of FOXM1 expression by FOXM1-specific shRNA decreased cell proliferation and the invasive abilities of Tca8113 cells, resulted in the downregulation of cyclins B1, D1 and MMP-2, and upregulated p27 and p21 expression. The results of the present study identified FOXM1 as a functionally important component in the occurrence and development of OSCC, and may be a novel target for the treatment of OSCC.
